The experiments reported in this paper concern the behavior of glucose in different parts of the tubule of the amphibian kidney and the influence of phlorhizin upon it. Previous work had shown that the reducing power of glomerular urine from frogs and Necturi is the same, within limits of experimental error, as that of the plasma from which it is derived (1). The same result was obtained in experiments with animals poisoned with phlorhizin. Firm basis was thus established for the inference that the absence of glucose from the urine of normal amphibia is the result of its selective reabsorption by the tubules and that phlorhizin glycosuria is the result of interference with this process.
Direct evidence that the proximal convoluted tubule is the site of glucose reabsorption in the normal kidney was offered by White and Schmitt in 1926 (2) . Fluid, collected from proximal tubules of 4 Necturi, gave no reduction of Benedict's solution.
Their experiments, however, were made in ignorance of certain technical pitfalls which the later work of White himself revealed (3); and since failure to avoid these pitfalls might well have led to the results they secured the soundness of their evidence is open to question.
Our experiments, made with the advantages of that information, completely confirm the correctness of their conclusion.
In addition they show that while the power of reabsorbing glucose is not restricted to any particular segment of the proximal tubule it is not possessed by the epithelium of the distal tubule.
They also give direct information that the inference stated above concerning the action of phlorhizin is true.
METHODS.
Necturi were anesthetized with urethane; in frogs, the brain was destroyed by a hemostat. The technique for collecting fluid from the tubules and for perfusing the lumen of a single tubule has been separately described (4) .
Determinations of reducing power of tubule fluid, urine and blood plasma 1 The expenses of this work were defrayed in large part from a grant by the Commonwealth Fund.
A preliminary report of these experiments was made before the American Physiological Society in Aprilwere made by the ultramicro-adaptation of Sumner's method (1) . The results, including those of experiments with xylose, are expressed as glucose. Blood was collected shortly before the beginning and shortly after the end of a collection of tubule fluid: in Necturi, from the posterior cava; in frogs, from the ventricle of the heart.
The average of these two specimens was compared with the glucose concentration of tubule fluid. In frogs the coeliaco-mesenteric artery and the portal vein were usually ligated to lessen the progressive increase in plasma glucose concentration which frequently occurs during an experiment.
RESULTS.
Reabsorption from the proximal convoluted tubule. In 32 experiments with Necturi and 9 with frogs fluid collected from different levels of the proximal tubule has been analyzed.
The experiments were made during the months of January to April, 1933 and 1934 . In Necturi the average volume of tubule fluid collected was 0.29 c. mm.; the average duration of collection, 20 minutes.
In frogs the average volume was 0.20 c. mm.; average duration, 38 minutes.
When a sufficient amount of fluid was available, it was tested for protein with trichloroacetic acid. In the frog series, 4 tests were made, all with negative results.
In Necturi, 9 tests were negative, 9 positive.
No correlation was found between degrees of sugar reabsorption and presence or absence of protein.
Plasma glucose concentrations in Necturi averaged 59 mgm. per cent (range, 33-105); in frogs, 53 mgm. per cent (range, 27-95).
Urine collected from the ureter of Necturus at the end of an experiment usually contained reducing substance equivalent to a concentration of about 5 mgm. per cent glucose; bladder urine from the frog, reducing substance equivalent to 10 mgm. per cent of glucose.
In only 3 experiments with Necturi was the lumen of the tubule blocked (4) distally to the point of insertion of the pipette: in 4 of the 9 experiments with frogs, block was established.
Because of this omission it might be objected that the collected fluid must have been contaminated with fluid sucked back from more distal segments.
Several circumstances answer this objection.
In the great majority of experiments the surface of the mercury in the levelling bulb of the collecting pipette system was kept at a height several millimeters above the surface of the kidney; as a rule the tubule was not collapsed during the collection.
Had such contamination occurred to any considerable degree it seems impossible that the results could arrange themselves in the form of the curve which they actually give. The results of the experiments in which an oil block prevented any possibility of backward suction fit the curve of the rest of the results.
The circulation through the glomeruli of the nephrons from which tubule fluid was collected was consistently good. In a few experiments with Necturi the state of the venous and capillary circulation in the kidney was recorded as poor or sluggish.
In these, somewhat contrary to expectation, there was no evidence of failure to reabsorb glucose.
The data of enough of the experiments to give a fair representation of the whole series are collected in table 1. Figure 1 shows graphically the percentage differences between the glucose concentrations of plasma and. tubule fluid in all of the experiments. l Necturi. In 6 experiments, glomerular urine was collected and analyzed. The glucose concentrations differed from plasma by +9, -9, +5, +4, +3 The average of the glucose concentrations of these was 35.6 per cent less than the average of the corresponding plasmas. Twelve collections (cf. expts. 24, 27, 29, 31 of table 1) taken from various points between the end of the proximal duarter and the distal end of the proximal tubule gave glucose values ranging from 57 to 100 per cent lower than those of the plasmas, average, -85 per cent.
Frogs. In 9 experiments (cf. These results show with the greatest clarity that in both frogs and Necturi selective reabsorption of glucose from the glomerular filtrate occurs in the proximal tubule.
They also show that under the circumstances of these experiments the greater part of the process is accomplished in the proximal half of the proximal tubule.
Because of this fact the experiments do not show whet'her the distal half of the proximal tubule possesses the same power of reabsorption as the proximal half. To decide this question special experiments were made by the perfusion technique described on page 115 (4). In each the capsule of Bowman and a fraction of the proximal segment of a proximal tubule were filled with metallic mercury by capsular injection. Locke's solution containing 0.05 per cent of glucose was introduced into the lumen immediately distal to the mercury column and withdrawn from it by a pipette inserted at the extreme distal end of the proximal segment.
The data of 3 experiments are given in table 2.
While the number of experiments is too small to allow quantitative comparison the results indicate that the capacity of reabsorbing glucose may be no less in the distal than in the proximal reaches of the proximal tubule. Certainly active glucose reabsorption is not rest,ricted to a particular locality in the proximal tubule.
Reabsorption of glucose from the distal convoluted tubule. In 4 experitient's with Necturi tubule fluid was collected from sections of the tubule distal to the proximal convoluted segment.
In one the collecting pipette was inserted near the distal end of the intermediate tubule; in two otthers at points in the distal half of the distal tubule; and in a fourth the collection was made from a point about midway through a collecting duct. Three collections were made from analogous points in frogs' tubules.
The analyses did not show greater completeness of reabsorption of glucose than did those of fluid collected from the distal parts of the proximal tubule. These experiments therefore are not competent to determine the question whether glucose can be returned to the blood during passage through the distal tubule.
Hence the lumina of distal tubules were perfused with Locke's solution to determine whether its glucose concentration would be altered. The Locke's solution was introduced into the tubules through a cannula in the ureter connect,ed with a small perfusion bottle held at such a height above the kidney (about 13 cm.) that when a tubule was punctured with a collecting pipett(e the perfusion fluid would flow slowly from the ureter through the tubule to the site of puncture.
Danger of contamination with fluid descending the tubule from the glomerulus was avoided by injecting a globule of mercury so that it obstructed the tubule proximally to the site of puncture.
The data of 4 experiments are given in table 3. The concentration of glucose in fluid which had passed slowly t,hrough tlhe distal and . int,ermediate tubules only was the sa.me, within experimental error, as that of the original perfusion fluid. But when, under the same conditions, in the same animal and in one case in the same tubule (no. 82), tlhe fluid was allowed to traverse the proximal convoluted segment as well, the glucose concentration decreased by from 65 to 90 per cent. The results show that tlhe distal convolut,ed tubule in Necturus does not share with the proximal the capacity of selectively removing glucose from the fluid in its lumen.
While no systematic attemptis have been made to study the influences which may affect the process of glucose reabsorption, some of our experiments bear on this subject. Representative data are given in table 4 and all t,he results are charted in figure 3 . 
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The dosage of phlorhizin was varied.
It was never less than 30 mgm. per kilo and in the majority of experiments was from 150 to 550 mgm. per kilo.
To Necturi phlorhizin was usually given intraperitoneally, 2 to 21
hours before the experiment. In frogs it was injected into the anterior lymph sac from 1 to 6$ hours before the beginning of the-experiment.
While it is impossible to say that maximal action of t'he poison was produced in any particular experiment the results give no evidence that the degree of action was affected by the variations in dosage used. The average urine/plasma glucose concentration ratio in Necturi was 2.54, in frogs 2.99. The technique of preparation of the animals and pun,cture of the tubules was the same as in the experiments with normal animals. Blockage of the tubule distal to site of puncture (4) was effected in only 3 experiments with Necturi: the usual precaution of keeping the levelling bulb at such a height that the surface of the Hg was higher than the level of the kidney was uniformly observed. In all but 2 of the experiments with frogs the lumen of the tubule distal to the site of puncture was occluded by an injected column of oil. The rates at which fluid was obtained were of the same order as those in the experiments with normal animals. In Necturi, protein was detected both in the fluid collected from the tubules and in the ARTHUR M. WALKER AND CHARLES L. HUDSON urine from the ureters more frequently than was the case with the normal animals.
Tests were not made upon the tubule fluids collected from frogs. In Necturi the average differences between tubule fluid and plasma were: for fluid collected from the proximal half of the proximal tubule (7 samples), +5.7 per cent: from the third quarter (5 samples), +19.2 per cent: from the last quarter or end (16 samples), +22.9 per cent. In frogs the average difference for 5 samples collected from the distal quarter or end of the proximal tubule was +40.3 per cent. These results, considered in comparison with those obtained in normal animals, can only mean that the normal capacity of the epithelium of the proximal convoluted tubule to mediate the selective reabsorption of glucose is abolished by phlorhizin.
The common belief, based on less direct evidence, is thus furnished with direct support.
The results also show, we believe, that in phlorhizinized amphibia reabsorption of water occurs from the proximal tubule. The increase in concentration of glucose in the glomerular filtrate as it passes through the proximal tubule is not to be explained otherwise. The only alternative tlo this explanation is that under the influence of phlorhizin glucose is secreted by the tubule. This is regarded as untenable because of the strength of existing evidence (5, 6, 7) that the epithelium of the normal frog's tubule does not have the power to secrete glucose into the tubule; because of the difficulty of conceiving that phlorhizin can confer this power upon it de novo; and because of faults in the technique of older experiments (8, 9) which for a time led to the belief that phlorhizin glycosuria is the result of glucose secretion.
In attempts to gain direct evidence on this point, the lumen of a single proximal tubule of a phlorhizinized Necturus was perfused with glucose-free Ringer's solution.
Contrary to expectation the collected perfusate contained reducing substance.
In four such experiments the concentrations (5-11 mgm. per cent) were no greater than is frequently found in bladder urine of normal (anesthetized) Necturi but in three others it was higher-about 50 per cent of the plasma glucose. That diffusion rather than secretion was responsible for entrance of glucose into the tubule in these latter experiments was indicated by tests for protein in the perfusates.
It was absent from those in which glucose was lowest; present in considerable amounts in those in which glucose was high. A similar series of perfusions of proximal tubules of normal Necturi was made with like results.
When little or no protein was detectable in the perfusate glucose was absent or present in low concentrations (5-18 mgm. per cent) : when large amounts of protein were found, the glucose concentrations were as high as those encountered in the phlorhizin experiments.
In none of either group did glucose in the perfusate reach the level of that in the plasma.
Since it is inconceivable that serum protein is secreted into t,he tubule the parallelism between the glucose concentrations and the amount of protein in the perfusates can be taken as evidence that both substances entered the tubule by diffusion.
The results of the experiments confirm the belief that neither the normal nor the phlorhizinized tubule secretes glucose.
The calculated amounts of water reabsorbed from the proximal tubule are not insignificant.
To increase the glucose concentration of the glomerular filtrate by 23 per cent (average in Necturi) requires reabsorption of nearly one-fifth of its water: to increase it by 40 per cent (average in frogs) requires reabsorption of 29 per cent of the water. These figures represent a.bout one-third of the total reabsorption of water from the renal tubule, calculated from average urine/plasma glucose concentration ratios in the 2 species.
Diffusion of sugars from the tubule. Having positive evidence that active reabsorption of glucose in the proximal tubule is abolished by the action of phlorhizin it was of interest to learn whether reabsorption by diffusion may still occur.
For this purpose the lumina of proximal tubules of phlorhizinized Necturi were perfused with Locke's solution, the glucose concentration of which was higher than that of the plasma. The salt concentration of the perfusion fluid was reduced so tlhat its osmotic pressure should not be higher than that of the blood. Its composition was:-NaCl, 0.48; KCl, 0.01; CaClg, 0.02; NaHCOs, 0.02 per cent. Glucose was added to make concentrations which, by analysis, ranged from 86 to 182 mgm. per cent. Measurements were not made of the volumes of fluid introduced and recovered; but in 3 experiments (nos. 40, 41 and 44) it was noted that the volume recovered was less than that introduced. Seven experiments were made with results which are shown in table 5.
With one exception (no. 42) the glucose concentrations of the collected perfusates were considerably less than those of the perfusion fluids. It may be significant that in this exceptional experiment the difference between the glucose concentrations of plasma and perfusion fluid (14 per cent) was less than the others; and in the others there is some indication that the degree of difference between the plasma and perfusion fluid glucose influenced the degree by which the glucose concentration of the perfusion fluid was lowered in passing through the lumen of the proximal tubule. From these results the conclusion is drawn that glucose can diffuse out of the phlorhizinized proximal tubule of Necturus if its concentration in the tubule fluid attains a level sufficiently higher than that of the plasma: and from the results shown in table 4 it would appear that in Necturus this threshold difference is in the neighborhood of 23 per cent.
Reabsorption of xylose from the normal proximal tubule. At the time when the preceding experiments were made it was thought by some that neither secretion by the tubule nor reabsorption from it plays a part in the renal excretion of xylose in mammals and man, and that therefore its plasma clearance might be accepted as a measure of the volume of glomer-ular filtration (10) . The same belief was current concerning the renal excretion of glucose in phlorhizin poisoning. Having evidence that phlorhizin did not prevent diffusion of glucose from the tubule it was of interest to learn by similar methods whether in normal amphibia xylose could escape from the tubule through its wall.
The proximal tubules of 11 Necturi and 3 frogs were perfused with fluid containing xylose in concentrations which ranged (by analysis) from 167 to 214 mgm. per cent: in 2 additional experiments the distal and intermediate tubules of Necturus were perfused with similar solutions from the ureter by the technique described on page 135. Typical results are shown in table 6.
Without exception the xylose concentration of the collected perfusates was less than that of the perfusion fluid. In Necturi the reducing power of the proximal tubule perfusates averaged 41.6 per cent less than that of the perfusion fluids (range, 11 .O-73.7 per cent) : in the 2 experiments in which There can be no doubt that reabsorption of xylose occurred. Shannon (11) has recently published. evidence which indicates that a fraction of xylose contained in the glomerular filtrate in dogs is actively reabsorbed from the tubules.
The design of our experiments does not permit decision whether the escape of xylose from the proximal tubule in these amphibia is the result of an active process or of diffusion.
Its reabsorption from the distal tubule must have been the result of diffusion. (12) proposed that the explanation by Wilbrandt and Laszt (13) for the "active" absorption of glucose from the intestine, i.e., esterification in the cells of the absorbing membrane, could well be adopted for reabsorption of glucose from the renal tubule: and that phlorhizin, by inhibiting this process, prevents reabsorption and so induces glycosuria. His experiments, similar to those of Wilbrandt and Laszt with iodoacetic acid, showed that certain concentrations of phlorhizin in direct contact with the intestinal mucosa decreased the rate of absorption of glucose but not that of amino-acids. In digestion experiments with muscle-brei, muscle extracts, yeast and kidney extracts phlorhizin in concentrations of M/50 to M/ZOO was shown to inhibit the processes of esterification and dephosphorylation.
He thought that in phlorhizin poisoning, comparable concentrations of phlorhizin might be found in the kidney, and hence that effects, comparable to those observed in vitro, might be produced there. Later experiments with the isolated mammalian kidney, however, in which the concentrations of phlorhizin in the kidney necessary to induce maximal action were calculated to be less than 2 those required to produce the effects observed in the earlier experiments, seem to have induced him to abandon the theory, for he says (14) "it must be admitted that from these experiments no support can be gained for the assumption that the action of phlorhizin on the kidney is due to the earlier demonstrated effect of this poison on esterification."
During the course of the experiments described in this paper, actuated by thoughts similar to those of Lundsgaard, we have made experiments which, like his most recent ones, do not support his thesis. The experiments showed that (1) while phlorhizin in concentration of M/200 diminishes the rate of hydrolysis of glycerophosphate by kidney extracts in vitro, it does not stop it. When digestion was continued for 1, 2 and 3 hours (in Lundsgaard's experiments digestion periods were lo,20 and 30 minutes) the diminution was inconsiderable (O-33 per cent).
(2) No consistent difference could be found between the phosphatase activities of extracts of kidneys from phlorhizinized rats as compared with those from normal rats.
(3) When iodoacetic acid was given to rabbits, rats and frogs in dosage of 0.1 mgm. per gram of body weight, the animals died without showing a detectable glycosuria.
(4) If the kidneys of frogs were perfused with a solution containing 1:5000 iodoacetic acid, they showed not only diminished ability to reabsorb glucose, but also a parallel failure of chloride reabsorption. to that of the blood plasma to a value slightly above zero. The processof selective reabsorption of glucose which produces this change is localized in the proximal convoluted tubule: it is lacking in the distal convoluted tubule.
The degree of glucose reabsorption is lessened by increase in rate of flow through the tubule and by high concentrations of glucose in the blood plasma.
The process is effective even when the osmotic pressure of the tubule fluid is doubled by increasing its concentration of NaCl. In animals poisoned with phlorhizin the reducing power of the glomerular filtrate undergoes progressive increase as the fluid flows through the t ubule. At the distal end of the proximal tubul .e in Necturi it is on the average about 25 per cent above that of plasma ; in frogs, 40 per cent. At the distal end of the distal tubule in Necturi it averages 2l 3 times that of the plasma; in frogs, about 3 times.
It is obvious that active reabsorption of glucose by the proximal tubule is prevented by the action of phlorhizin.
Evidence is offered in support of the view that the increase in reducing power is due to reabsorption of water. It indicates that on the average about one-third of the water reabsorption occurs in the proximal tubule; two-thirds in the distal.
Experiments on the phosphatase activity of phlorhizinized kidneys and on the action of iodoacetic acid on the kidney did not support the hypothesis of Lundsgaard that phlorhizin produces its characteristic effect by interference with esterification of glucose by phosphatase in tubule cells.
After phlorhizin has abolished active reabsorption of glucose by the tubule, passage of glucose into the blood may occur if the concentration in the tubule fluid is considerably higher than that in plasma.
In normal animals xylose can pass from tubule fluid into the blood. In amphibia therefore neither the glucose clearance in phlorhizin poisoning nor xylose clearance in normal animals can furnish an accurate measure of the rate of glomerular filtration.
